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DEVICES AND METHODS FOR HIGH
ANGLE LIQUID ELECTRON TOMOGRAPHY

FIELD OF THE INVENTION

The invention, in general, relates to investigation of
samples 1n a liquid medium using transmission electron
beam instruments and, in particular, to devices and methods
for obtaining tomographic data from such samples 1n such
instruments.

BACKGROUND OF THE INVENTION

In transmission electron beam tomography, essentially
two-dimensional data 1s acquired and reconstructed math-
ematically to reveal the three-dimensional internal structure
and composition of a sample.

In particular, 1n so called “tilting tomography™, a sequence
of essentially two-dimensional data sets are acquired from a
sample 1n a transmission electron beam instrument at a
series of sample tilts and a mathematical model 1s recon-
structed to reveal the three-dimensional internal structure of
the sample

In tilting tomography, the resolution of the reconstructed
mathematical model parallel to the t1lt axis 1s limited only by
the resolution of the two-dimensional data sets, while the
resolution perpendicular to the tilt axis—that 1s, along the
optical axis of the electron beam instrument—is limited,
mainly by the size of the sample tilt interval between data
acquisition and the total sample tilt range over which data 1s
acquired. In particular, it has been recognized that reliable
tilting tomography requires a total tilting rage of at least 120
degrees. See, e.g., M. Kudryashev, Ch. 10 Sec. 3 Resolution
of Tlomographic Reconstructions in Cellular Imaging: Elec-
tron lomography and Related Technigques (Springer 2018);
P. A: Penczek and J. Frank, Ch. 9 Sec. 4, Influence of Missing
Fourier Information on Resolution in Tomographic Recon-
structions in Electron Tomography Methods for Three-Di-
mensional Visualisation of Structuves in the Cell (Springer,
2005 2d Ed.).

Different types of data may be used for tomographic
reconstruction, acquired according to the specific type of
transmission electron beam instrument/mode ol operation
employed—e.g., transmission electron microscope (“TEM”)
or scanning transmission electron microscope (“STEM”)
operating in i1maging or diffraction mode, or dedicated
clectron diffractometer (“ED”)—and the specific type of
data and mode of data acquisition—e.g., X-ray spectroscopic
data using an energy-dispersive x-ray (“EDX”) detector,
energy loss data using an electron energy loss spectrometer
(“EELS”), diffraction or imaging data using diflerent elec-
tron detector configurations or holographic data using and
clectron bi-prism or other holographic capabilities. Trans-
mission electron beam tomography, including tilting tomog-
raphy, conducted 1n a suitably equipped and operated instru-
ment can thus reveal information about internal three-
dimensional microscopic and atomic-level structure,
including chemical composition, chemical bonding states,
clectric and magnetic fields, etc. See, e.g., R. K. Leary and
P. A. Midgley, Chapter 26, FElectron Tomography 1n Material
Science, pages 1279 to 1329, i Springer Handbook of
Microscopy (Springer 2019).

The high vacuum environment of conventional transmis-
s1on electron beam 1nstruments allows mvestigation of only
solid and vacuum stable samples. As a consequence, much
investigation, 1including tomographic investigation, of
samples naturally found 1n a liquid medium, particularly
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2

biological samples, 1n transmission electron beam instru-
ments has required often complex and time-consuming
sample preparation processes, such as dehydration, fixing
and staining, which are susceptible to the introduction of
sample preparation artefacts.

Devices have been developed to facilitate dehydration of
liguid samples containing nano-particulates. Using such
devices, nano-particulates 1n a liquid medium, e.g., blood
cells 1 a blood solution, are introduced, by capillary action,
between a pair of electron transparent membranes, the liquid
medium removed by evaporation, to leave the nano-particu-
lates, e.g., blood cells, supported by an electron transparent
membrane, and the device loaded into a conventional elec-
tron beam instrument. See, e.g., US Pub. App. No.
20150194288 A1l (National Health Research Institutes and
Matenals Analysis Technology (US) Corp.)

Other investigations of samples naturally found 1n a liquad
medium have relied on so-called cryo-microscopy, 1n which
the sample 1s rapidly cooled and maintained 1n a solid phase,
at close to liquid nitrogen temperature, during data acqui-
sition. Cryo-microscopy requires specially adapted equip-
ment and 1s necessarily complicated and expensive to imple-
ment.

Some 1nvestigations of biological, and non-biological,
samples 1 a liquid medium have been conducted with
so-called liquid cell devices, 1n which the sample 1s main-
tained 1n the liquid medium during data acquisition in the
transmission electron beam istrument. “Open” liquid cell
devices allow for the circulation of liquids during data
acquisition, see, €.g., US Pub. Pat. App. No. 20120120226
Al (Vanderbilt Umversity), and, optionally, for the conduc-
tion of electrochemical processes during data acquisition.
Though open liqud cell devices can be used with conven-
tional transmission electron beam mstrument they do require
specially adapted sample holders (also referred to herein as
specimen holders). “Closed” liquid cell devices, on the other
hand, can be filled with a liquid medium contaiming the
sample of interest, sealed, and introduced into a conven-
tional transmission electron beam instrument using a stan-
dard sample holder. See, e.g., U.S. Pat. No. 7,807,979
(National Tsing Hua University 2010).

Despite the widespread and longstanding use of electron
beam tomography in transmission instruments, and the
increasingly widespread use of liquid cell devices in trans-
mission electron beam instruments, transmission electron
beam tomography, including tilting tomography, of samples
in a liquid medium has been done rarely and with only
limited success.

For example, Marchello et al., 4D Liqud Phase Electron
Microscopy of Ferritin by Brownian Single Particle Analy-
s1s, Cornell University Library (7 Jul. 2019), describe a
technique 1n which a single particle undergoing translational
and rotational Brownian motion in a liquid medium 1is
imaged sequentially, without tilting of the liquid cell device.
The resulting TEM 1mages, obtained at different orientations
of the particle, are combined mathematically to create a 3D
representation of the structure of the particle. See, e.g., FIG.
1. Dearnaley et al., Nano Lett. vol. 19 no. 10, pages
6734-6741 (2019) describe acquisition of TEM 1mages of a
sample 1 liquid medium 1n a closed liquid cell device titled
over a total angular range of only 90° (or £45°), the liquid
cell device being specially-constructed from a silicon chip
containing a silicon nitride (“SiN”) membrane locked 1n
place over a Cu-grid coated with a plastic film and support-
ing a biological sample 1 a liquid medium. Using this
arrangement, 1mages were obtaimned from a bacteriophage
attached to a host bactertum and tomographic reconstruction
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used to reveal its internal three-dimensional structure, see
page 6735, RH column to page 6736, LH column, albeit
with nherently limited axial resolution.

Karakulina et al., Nano Lett. vol. 18, no. 10, pages
6286-6291 (2018) describe acquisition of TEM difiraction
data over a total available 60° tilt range from LiFePO,
particles immersed in an organic-electrolyte 1n a commercial
open liqud cell device equipped with electrodes and a pair
ol electron-transparent SiN membranes. However, degrada-
tion of the acquired difiraction data resulting from move-
ment of the LiFePO, particles during data acquisition, prob-
ably due to Brownian motion and displacement of the
organic electrolyte, reduced the effective liquid cell device/
sample total tilt range to only 35°. See page 6287, RH
column to page 6288, LH column. Any image data acquired
using the liquid cell device of Karakulina et al. would be
isuihicient for reliable tomographic reconstruction because
of the total available tilt range of only 60° (or £30°).

Bio Ma-Tek Corporation of Taiwan oflers closed liquid
cell devices, referred to herein using the trade name “K-Kit”,
with a silicon body supporting a pair of parallel electron-
transparent S1IN membranes separated by a fixed gap of from
100 to 5,000 nm, between which a liquid medium can be
introduced by capillary action, similar to the K-Kit
described above for dehydration and examination of blood
samples 1 US Pub. App. No. 20150194288 Al, and similar
to the liquid cell devices also described above for observa-
tion of samples 1 a liquid medium 1n U.S. Pat. No. 7,807,
979. See, e.g., http:// www.bioma-tek.com/bioma-tek/en/
technology.php?act=view&no=30. However, the K-Kit 1s
inherently limited to a total sample tilt range of only around
80° (or £40°), reducing the reliability of any three-dimen-
sional mathematical reconstruction based on 1maging data
acquired from a K-Kit liquid cell device.

US Pub. Pat. App. No. 20120120226 A1 describes another
open liquid cell device that offers a total sample tilt range of
only around 70° (or £35°), which the applicants themselves
acknowledge would yield tomographic data with unaccept-
ably low axial resolution. (see para. [00176]) US Pub. Pat.

App. No. 20120120226 A1l instead proposes high speed data
acquisition, mvolving rapid sample tilting, as a means for
acquiring tomographic tilting data from living samples 1n a
liquid medium. (See 1d). No reported custom built or com-
mercial closed or open liquid cell devices allow for data
acquisition during sample tilting through high angular
ranges, up to and beyond 120° (or £60°).

It would be advantageous to develop devices and methods
for obtaining reliable high angle tilting tomographic data,
over total angular tilting ranges greater than 120°, from
samples 1n a liquid medium 1n transmission electron beam
instruments.

OBJECT OF THE INVENTION

It 1s an object of the present invention to provide devices
and methods for preparing a sample 1n a liquid medium for
acquisition of high angle tomographic data 1n a transmission
clectron beam instrument.

It 1s an object of the present invention to provide devices
and methods for acquiring high angle, over total tilt range of
beyond 120 degrees, tomographic data from a sample 1 a
liquid medium 1n a transmission electron beam instrument.

It 1s a further object of the invention to provide an
alternative to the prior art.

SUMMARY OF THE INVENTION

Thus, the above-described objects and several other
objects are mntended to be obtained 1n a first aspect of the
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4

invention by providing a liquid cell device for acquiring
high angular range tomographic data from a sample 1n a
liquid medium 1n a transmission electron beam instrument,
the liquid cell device comprising a main body comprising
opposing first and second main body surfaces and an aper-
ture aflording a line of sight between the first and second
main body surfaces, and a liquid accessible volume enclosed
by the main body and at least partially contained within the
aperture. The liquid accessible volume containing an inter-
section of the line of sight with a substantially perpendicular
rotational axis of the liquid cell device, with substantially
parallel first and second electron transparent membranes
disposed substantially equidistant from the rotational axis,
cach membrane spanning the aperture and having an exterior
surface forming a part of an external surface of the liquid
cell device and an opposing interior surface abutting the
liquid accessible volume.

The device 1n the first aspect of the invention further
characterized 1n that the first and second membranes, main
body first and second surfaces and aperture are configured
such that, during rotation of the liquid cell device around the
rotational axis through an angular range of at least 120
degrees, the line of sight through a portion of the liquid
accessible volume 1s maintained over a projected viewable
area of at least 10 square micrometers and the viewable area
1s at a maximum substantially at the angular range mid-point
and at minima at the angular range end-points.

A liguid cell device means a cell, open or closed, in which
a sample 1n a liquid medium can be 1solated from the
vacuum environment while data 1s acquired from the sample
in a transmission electron beam instrument.

A sample 1in a liquid medium includes a sample or samples
immersed m a liquid medium and a sample or samples
forming a suspension 1n a liquid medium.

A high angular range means an angular range of at least
120 degrees.

An electron beam imstrument means any instrument in
which an electron beam can be directed at a sample and as
a result of which interaction data 1s obtained, including a
TEM, STEM, electron diflractometer, etc. A STEM includes
a TEM operating in STEM mode. Such mstruments typically
operate at above 60 kV, typically 100 to 300 kV, and possibly
as high as around 1 MV,

Tomographic data means any data that can be acquired 1n
a transmission electron beam instrument at different sample
rotations, also referred to herein as sample tilts, across an
angular range for use in tomographic reconstruction to
reveal internal structure of a sample.

High angular range, or high angle, tomographic data
means tomographic data acquired over an angular range of
at least 120 degrees.

Data means any type of data that can be acquired from a
sample 1n a transmission electron beam instrument, 1clud-
ing data acquired in parallel, such as diffraction data or
imaging data, whether bright field or dark field, or acquired
sequentially, as an electron probe 1s scanned across the
sample, whether acquired using an energy-dispersive x-ray
detector, an electron energy loss spectrometer, a bright field
or dark field detector, etc. Data can also include holographic
data acquired with the aid of an electron bi-prism or other
device suitable for electron holography.

A sample means any object or objects suitable for inves-
tigation 1n a transmission electron beam instrument, biologi-
cal, including bactena, cells, viruses, organic or 1norganic,
crystalline or non-crystalline. A sample can comprises a
multiplicity of solid or semi-solid particles immersed or
suspended 1n the liqmd medium, including particles of any
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shape, such as filaments. A sample can also comprise
nanometer-scale objects or an object or objects of any scale
up to a size that can be introduced into and accommodated
in a liquid medium 1n the liquid cell device.

A liguid medium means any suitable organic or mnorganic
liquid 1n which a sample can be held or suspended.

A main body means the body of the liquid cell device
enclosing the membranes which 1solate the liquid medium
from the mstrument vacuum. A main body need not neces-
sarily be formed 1n a single piece and may be separable into
two diflerent portions, allowing introduction of a liquid
medium between the electron transparent membranes when
the portions are separated.

Opposing first and second main body surfaces means
surfaces on opposite sides of the main body.

An aperture aflording a line of sight between the first and
second main body surfaces means an aperture through which
at least a fraction of the area of a notional parallel beam of
radiation propagating in a straight line impinging on the first
main body surface, such as a notional beam of visible light,
would pass through the aperture and exit from the second
main body surface, assuming no retlection of radiation by
the aperture walls and discounting any possible absorption/
refraction of the radiation by the membranes or a liquid
medium/sample between the membranes.

A lhiquid accessible volume means a physical space or
region into which a liquid medium containing a sample can
be mtroduced. A liquid accessible volume may be sealable,
such that 1t may be 1solated from the space outside the liquid
cell device, or may allow for a liquid medium located
outside the liquid cell device to be circulated through the
liquid accessible volume during acquisition of high angular
range tomographic data. The volume can be liqud-acces-
sible by capillary action through a channel or channels
leading an opening or openings in the outside surface of the
main body or other means, such as temporary separation of
the main body into two or more parts.

A liquid accessible volume enclosed by the main body
means a liquid accessible volume surrounded and supported
by, but not completely enclosed by, the main body, 1n that at
least a portion of the liquid accessible volume 1s bounded by
freestanding, also referred to herein as electron transparent,
first and second membranes and the liquid accessible vol-
ume may be connected to the outside of the main body by
a channel or channels leading to an opening or openings 1n
the outside surface of the main body.

At least partially contained within the aperture means that
the liquid accessible volume can extend beyond the aperture
into the main body, through one or more channels, as far as
one or more openmings 1n the main body surface.

Containing an intersection of the line of sight and a
substantially perpendicular rotational axis means that such
an intersection lies within the volume.

A rotational axis means an axis around which the liquid
cell device may be rotated, also referred to herein as tilted,
for example, once mounted 1n a specimen holder and loaded
in a transmission electron beam instrument. The rotational
axis need not necessarily intersect a center of mass of the
liquid cell device.

Electron transparent membrane means sulliciently perme-
able to electrons accelerated to the voltage ranges typically
used 1n a transmission electron beam instrument, 60 kKV up
to 300 kV, or up to 1 MV 1n some instruments, to allow
collection of usable high angle tomographic data. What
constitutes sufliciently electron transparent will vary not
only as a function of instrument operating voltage/incident
clectron energy, but also with the mnstrument configuration,
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type of data acquired and the requirements of a particular
investigation of a particular liquid medium and sample. The
degree of electron transparency of a particular membrane
will depend on the material from which 1t 1s constituted and
its thickness. For example, an electron transparent mem-
brane suitable for many tomographic applications can be
composed of SiN and have a thickness of around 30 nm, or
from 10 to 50 nm.

A membrane having an exterior surface and an opposing
interior surface means a membrane comprising at least a
freestanding, or electron transparent, part supported at its
edges.

At least substantially planar means at least substantially
planar at least when the pressure 1s equalized on the interior
and exterior electron transparent membrane surfaces.

The freestanding, or electron transparent, part of the
membrane may be bordered by regions of membrane mate-
rial having exterior or interior surfaces abutting or fixed to
the aperture walls or a main body surface or extending into
the main body itself, and not necessarily at least substan-
tially planar where abutting or fixed to the aperture walls or
a main body surface or extending into the main body, while
the freestanding, or electron transparent, part of the mem-
brane, that part of the membrane which has an exterior
surface that forms part of the exterior surface of the liquid
cell device and an opposing interior surface that abuts the
liguid accessible volume, remains at least substantially
planar.

Spanning and having an exterior surface forming a part of
an external surface of the liquid cell device and an opposing
interior surface abutting the liquid accessible volume means
cach electron transparent membrane spanning the entire
aperture width so as to prevent passage of liquid through the
aperture, such that the first and second electron transparent
membranes together 1solate the liquid accessible volume
from the vacuum environment of the transmission electron
beam instrument, once the cell 1s sealed, as needed, and
loaded 1nto such instrument.

Configured means sized, shaped and disposed relative to
cach other.

A projected viewable area means the area parallel pro-
jected, 1.e., without magnification, along a line of sight
through the at least a portion of the liquid accessible volume.
The projection being that formed by a notional parallel beam
of radiation propagating in a straight line, as described
above, and not the area actually projected 1n a transmission
clectron beam instrument, which may be greatly magnified.

The projected viewable area being maintained over a
projected viewable area of at least 10 square micrometers
means that the projected viewable are stays above 10 square
micrometers while the liquid cell 1s rotated about the rota-
tional axis through the angular range of at least 120 degrees.

An advantage of providing a liquid cell device capable of
maintaining a projected viewable area over at least 10 square
micrometers while the liquid cell device 1s rotated about the
rotational axis through an angular range of at least 120
degrees 1s that such a device 1s capable of acquiring high
angular range tomographic data over a representative and/or
statistically significant area of a sample 1n a liquid medium,
bearing 1n mind the typical size of samples that can be
introduced in a liquid medium into the liquid accessible
volume.

The projected viewable area being at a maximum sub-
stantially at the angular range midpoint means that the
midpoint of the angular range is close to the orientation at
which the length of the line of sight intersecting the liquid
accessible volume 1s at a minimum. When first and second
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clectron transparent membranes are parallel, the maximum
projected viewable area corresponds to the line of sight
being along the surface normal of the first and second
membranes. The viewable area minima at the end points of
the angular range can be equal, if the angular range 1s
symmetrically disposed about the surface normal of the first
and second membranes.

Advantages of providing a liquid cell device for acquiring
tomographic data over a high angular range include suit-
ability of the liquid cell device for obtaining more reliable
structural determination by diflraction of lower symmetry
structures, such a monoclinic or other low-symmetry crys-
talline phases, as a consequence ol sampling over an
increased Iraction of reciprocal space, and, 1n general,
improved accuracy and reliability of three-dimensional
mathematical reconstruction based on such high angular
range data, such that the mathematical reconstruction more
closely corresponds to actual internal sample structure.
Mathematical reconstructions based on high angular range
data obtained from such a liquid cell device enable projec-
tion artefacts to be more eflectively overcome.

In another aspect of the invention, the angular range 1s at
least 140 degrees.

An advantage of providing a liquid cell device suitable for
acquiring tomographic data over an angular range of at least
140 degrees 1s improved ability to resolve the internal
structure of samples by tomographic reconstruction.

In another aspect of the invention, the maintained pro-
jected viewable area 1s at least 100 square micrometers.

An advantage of providing a liquid cell device capable of
maintaining a projected viewable area over at least 100
square micrometers while the liquid cell device 1s rotated
about the rotational axis through an angular range of at least
120 degrees, or at least 140 degrees, 1s that 1t 1s suitable for
acquiring high angular range tomographic data over a more
representative and/or statistically significant area of a
sample 1n a liquid medium, bearing 1n mind the typical size
of samples that can be introduced in a liquid medium mto the
liguid accessible volume.

In another aspect of the mvention, the first and second
clectron transparent membranes are at least substantially
parallel to each other, have at least substantially similar
shape and size, and are at least substantially overlapping
when viewed along their common surface normal, such that
they are separated from each other by a gap measured along
their common surface normal.

At least substantially parallel to each other means close to
parallel or parallel.

At least substantially similar shape and size means elec-
tron transparent membranes that have close to or the same
shape and size.

Electron transparent membranes that are at least substan-
tially overlapping when viewed along their common surface
normal, such that they are separated from each other by a
gap measured along their common surface normal, means
clectron transparent membranes aligned such that their inter-
nal surfaces are separated by a uniform distance, the gap,
and only an unsubstantial fraction of each electron trans-
parent membrane internal surface does not face part of the
internal surface of the other membrane.

In another aspect of the mvention, the first and second
clectron transparent membranes have a width, measured
along a direction perpendicular to their intersection with a
plane perpendicular to the liquid cell device rotation axis
and a length, measured along a direction parallel to their
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intersection with a plane perpendicular to the liquid cell
device rotation axis, wherein the width 1s less than the
length.

An electron transparent membrane having a width and a
length means an electron transparent membrane having an at
least substantially rectangular shape, including a rectangular
clectron transparent membrane or an electron transparent
membrane that 1s substantially confined within a rectangle,
such as an electron transparent membrane having one or
more rounded corners or one or more mwardly or outwardly
bowed sides.

An advantage of having the length of the first and second
clectron transparent membranes measured along a direction
parallel to their intersection with a plane perpendicular to the
liquid cell device rotation axis be greater than their width 1s
that, for a given electron transparent membrane area, the
liquid cell device may be tilted to higher angles about 1ts
rotational axis and still maintain a suthciently large pro-
jected viewable area.

Another advantage of having the length of the first and
second electron transparent membranes measured along a
direction parallel to their intersection with a plane perpen-
dicular to the liquid cell device rotation axis be greater than
theirr width 1s that, for a given electron transparent mem-
brane area, the corresponding decrease 1n electron transpar-
ent membrane width may be suflicient to reduce excessive
outward bulging of the electron transparent membranes
caused by a pressure diflerence between the liquud medium
containing the sample and the vacuum environment of the
transmission electron beam instrument, presenting a close to
uniform thickness liquid medium containing the sample.

Advantages of a liquid cell device presenting a close to
uniform thickness liquid medium containing the sample
include improved capacity to acquire usable high angular
range tomographic data and the ability to reliably select a
gap between {irst and second membranes.

In another aspect of the mvention, the first and second
clectron transparent membranes having a width, measured
along a direction perpendicular to their intersection with a
plane perpendicular to the liquid cell device rotation axis, of
no more than 90 micrometers, and a length, measured along
a direction parallel to their intersection with a plane perpen-
dicular to the liqud cell device rotation axis, of at least 350
micrometers.

An advantage of a liquid cell device having such first and
second electron transparent membranes shaped to have a
width of no more than 90 micrometers and a length of at
least 350 micrometers, 1s that the electron transparent mem-
branes are sufliciently narrow to prevent excessive bulging
during data acquisition and yet sufliciently long to allow
tilting over a high angular range.

In another aspect of the mvention, the first and second
clectron transparent membranes, aperture and liquid acces-
sible volume further comprise opposing extension portions
extending along a direction perpendicular to the length of
the first and second membranes.

An advantage of a liquid cell device having such perpen-
dicular electron transparent membrane extension portions,
which can extend to form intersecting orthogonal electron
transparent membranes of the same length as the intersected
membranes, 1s that such a liqud cell device 1s suitable for
acquiring tomographic data along orthogonal rotation axis
from the same portion of sample 1n a liquid medium located
at the area of intersection of the electron transparent mem-
branes and the orthogonal extension portions.

In another aspect of the mvention, the liquid cell device
turther comprises a removable filling portion extending from
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the main body and comprising at least one opening liquidly
connected the liguid accessible volume.

An advantage of the removable filling portions 1s that the
liquad cell device can be filled without risking accidentally
applying an undesirable covering to the exterior surfaces of
the electron transparent membranes with liquid medium
containing the sample

The above-described objects and several other objects are
turther intended to be obtained in another aspect of the
invention by providing a method for preparing a sample 1n
a liquid medium for acquisition of high angle tomographic
data 1n a transmission electron beam instrument, the method
comprising introducing a sample 1n a liguid medium 1nto the
liquid accessible volume of the liquid cell device as
described above.

Advantages of introducing a liquid medium containing a
sample 1nto the liquid cell device as described above include
the ability to select an electron transparent membrane gap
that ensures substantially sample immobaility and, in the case
of crystalline samples, ensuring a substantially random
orientation distribution. Substantial immobaility facilitates all
types data used for high angular range electron tomography,
while a substantially random orientation facilitates difirac-
tion analysis, particularly of structures with low symmetry.

Another aspect of the method further comprising intro-
ducing the liquid cell device into the transmission electron
beam instrument, exposing the sample 1n the liquid acces-
sible volume to an incident electron beam generated 1n the
transmission electron beam instrument, and acquiring data
from the sample while rotating the liquid cell device about
its rotational axis through an angular range of at least 120
degrees.

Advantages ol acquiring tomographic data over a high
angular range include more reliable structural determination
by diffraction of lower symmetry structures, such a mono-
clinic or other low-symmetry crystalline phases, as a con-
sequence of sampling over an increased fraction of recip-
rocal space, and, 1 general, improved accuracy and
reliability of three-dimensional mathematical reconstruction
based on such high angular range data, such that the math-
ematical reconstruction more closely corresponds to actual
internal sample structure. Mathematical reconstructions
based on high angular range data more effectively overcome
projection artefacts.

In other aspects, the data acquired can be X-ray EDS data
or can be acquired from electrons transmitted through the
sample and comprise diflraction, imaging or EELS data or
any other signal derived from the beam-sample interaction,
susceptible of being used 1n tomographic reconstruction.

Specifically, data collected from electron transmitted

through the sample can include data acquired using a
bright-field (*BF”’) detector, an annular dark field (“ADF”)

detector, or an HAADF (“High Angle Annular Dark Field”)
detector, including a suitably disposed two-dimensional
detector configured to function as a BE, ADF or HAADF
detector, by integrating the signal from an area of the
two-dimensional detector corresponding to the range of
scattering angles collected by a BE, ADEF, or HAADF
detector, respectively. Data may be acquired from electrons
transmitted through the sample 1n conjunction with the use
of, for example, an energy filter or an electron bi-prism.
In another aspect of the method, tomographic reconstruc-
tion 1s applied to the data to reveal the three-dimensional
internal structure of at least a portion of the sample.
Another aspect of the mvention further comprises select-
ing a liquid cell device having a gap between substantially
parallel first and second electron transparent membranes that
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ensures that a substantial fraction of the sample remains
sufliciently immobile during the data acquisition to allow
reliable tomographic reconstruction.

What constitutes a substantial fraction remaining suili-
ciently immobile to allow reliable tomographic reconstruc-
tion will depend on the requirements of a particular experi-
ment, the nature of the liquid medium and sample and the
type of data acquired.

Selecting a liquid cell device having a gap between
substantially parallel first and second electron-transparent
membranes means selecting a liquid cell device having a
single given membrane gap, or selecting a single given
membrane gap from among a range ol membrane gaps
present 1n a single liquid cell device.

In another aspect, wherein the sample comprises a mul-
tiplicity of crystals and the method further comprising
selecting a liquid cell device having gap between substan-
tially parallel first and second electron transparent mem-
branes that ensures that the multiplicity of crystals have at
least a substantially randomly orientation distribution.

A randomly oriented distribution 1s particularly advanta-
geous for diffraction analysis of low-symmetry crystals,
since 1t allows greater sampling of reciprocal space.

BRIEF DESCRIPTION OF THE FIGURES

To the extent that the figures show diflerent ways of
implementing the present invention they are not to be
construed as limiting to other possible embodiments falling
within the scope of the attached claim set.

FIG. 1 1s a schematic representation of a liquid cell device
for acquiring high angle tomographic data 1n a transmission
clectron beam instrument.

FIGS. 2A, 2B and 2C are schematic representations of
tilting of the liquid cell device for acquiring high angle
tomographic data 1n a transmission electron beam instru-
ment.

FIG. 3 1s a schematic representation of a stage in the

fabrication of a liquid cell device for acquiring high angle
tomographic data 1n a transmission electron beam instru-
ment.

FIGS. 4A and 4B are schematic representations of a liquid
cell device for acquiring high angle tomographic data
mounted for loading into a transmission electron beam
instrument.

FIGS. SA, 5B and 5C are schematic representations of
stages 1n the introduction of a liquid medium 1nto a liquad
cell device for acquiring high angle tomographic data in
preparation for loading mto a transmission electron beam
instrument.

FIGS. 6A, 6B, 6C and 6D are schematic representations
ol stages 1n the fabrication of a proof of concept liquid cell
device for acquiring high angle tomographic data in a
transmission electron beam instrument.

FIG. 7 shows a series of TEM 1mages of micellar water
acquired using a prool of concept liquid cell device over an
approximately 140° tilt range.

FIG. 8A shows a series of TEM 1mages of bubbles 1n
water acquired using a proof of concept liquid cell device
over an approximately 140° tilt range.

FIG. 8B show views of a tomographic reconstruction of
the 1mages of bubbles 1n water shown in FIG. 8A.

FIGS. 9A and 9B are schematic representations of a liquid
cell device for acquiring high angle tomographic data.

DETAILED DESCRIPTION

In the following, a liquid cell device for acquiring high
angle tomographic data in a transmission electron beam
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instrument will be referred to as a “Tomochip” and the
technique of acquiring high angle tomographic data from a
samples 1n a liquid medium 1n a Tomochip and the tomo-
graphic reconstruction of such data will be referred to as
High Angle Liquid Electron Tomography or

“HALET”.

FI1G. 1 1s a schematic representation of an embodiment of
a Tomochip. Though main body 101 1s shown having an
overall rectilinear shape, in general, 1t may take a range of
different shapes, as explained 1n more detail below. For ease
of representation, the dimensions shown in FIG. 1, including
those of main body 101, have been expanded along the
direction marked 105, referred to as the line of sight. The
skilled person will appreciate that an upper limit of the
lateral dimensions of main body 101 perpendicular to line of
sight 105, will depend on the mternal dimensions of the
specimen holder of the transmission electron beam 1nstru-
ment. For example, TEM and STEM specimen holders are
commonly sized to admit a disc having a 3 mm diameter,
while an electron diffractometer may accommodate larger
samples. In the case of a TEM or STEM 1nstrument, main
body 101 will generally be sized for mounting on a 3 mm
ring- or aperture-like support, typically but not necessarily
made from copper, as commonly used in such instruments.
The opposing main body first and second surfaces 102 and
103 will may be separated by around 100 micrometers, as
demonstrated in the proof of concept Tomochip described
below. However, as further discussed below, the separation
between these surfaces may be smaller or larger than 100
micrometers.

Opposing first and second main body surfaces, 102 and
103, are shown as rectangular, planar and parallel, a con-
figuration that may facilitate manufacture and mounting of
the main body on a support and loading into the electron
beam instrument, but in general need be neither rectangular,
planar nor parallel. Main body 101 may be manufactured,
for example, using the “MEMS”” technology outlined below,
to have an outer shape approximating a 3 mm diameter
circle, allowing it to fit directly into a TEM and STEM
specimen holder without the use of a 3 mm ring- or
aperture-like support. Aperture 104 that runs between first
and second main body surfaces 102 and 103 i1s shown as
symmetrical, having the same rectangular shape at the first
and second main body surfaces with a symmetric profile
comprising equally-sized, equally-angled, inwardly-sloping
planar walls, such as may be manufactured by etching single
crystal silicon, but 1n general can adopt different forms.
Aperture 104 affords a line of sight 105, a notional straight
line view between opposing first and second main body
surfaces 102 and 103, which intersects liquid accessible
volume 106. Volume 106 1s thus enclosed by the main body,
at least partially contained within the aperture 104 and
bounded by first and second at least substantially planar
clectron transparent membranes 109 and 110, each spanning
the aperture and so having an exterior surface that forms a
part of an external surface of the liquid cell device and an
opposing interior surface abutting the liquid accessible vol-
ume. Though not shown 1n FIG. 1, liguid accessible volume
106 may extend into main body 101 well beyond the edges
of electron transparent membrane regions 109 and 110, as
far as one or more opemngs (not shown) in a surface or
surfaces of main body 101.

Though first and second electron transparent membranes
109 and 110 are shown as periectly rectangular and parallel,
other membrane shapes may be used, the membranes may be
substantially rectangular shaped, and the membranes need
not necessarily be perfectly parallel. The aspect ratio and
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relative separation of first and second electron transparent
membranes 109 and 110 1s not intended to be scale. For
example, as discussed below, substantially parallel and
substantially overlapping membranes having a length, mea-
sured along a direction parallel to their intersection with a
plane perpendicular to the liquid cell device rotation axis, of
at least 350 micrometers, a width, measured perpendicular to
their length, of no more than 90 micrometers, suflicient to
restrain excessive outward bulging during data acquisition,
and separated by a gap 112 less than 100 nm or larger than
5000 nm, having a suitably sized main body 101, may allow
for tilting over a high angular range while retaining a
suilicient projected viewable area. In general, rectangular or
close to rectangular membranes so configured with respect
to the rotational axis of the liquid cell device, may have a
length 1n even greater proportion to their width, up to 100
times greater. For example, rectangular or close to rectan-
gular membranes up to 2000 micrometers long may be
housed 1n a main body and accommodated 1n the 3 mm
diameter specimen holder commonly used mm a TEM or
STEM mstrument, and yet have a width of as small as 20
micrometers.

As already noted, electron transparent membranes 109
and 110 may have a maximum width that restrains excessive
outward bulging of the membranes, up to 90 micrometers,
and thus maintain a close to uniform thickness region of
liguid medium containing the sample 1 the transmission
clectron beam instrument, allowing acquisition of usable
tomographic data across a high angular range. The mem-
brane width may be less 10, 20, 30, 40, 50, 60, 70, 80 or 90
micrometers and be suflicient to restrain excessive outward
bulging. The skilled person will appreciate that what con-
stitutes usable high angular range tomographic data may
depend on the particular experimental conditions employed,
such as the composition of the liquid medium and sample,
the thickness and composition of the membranes and the
type ol data acquired. For example, EELS data acquired
from samples suspended 1n a liquid medium may be more
sensitive to outward electron transparent membrane bulging
that increases the transmitted electron path length than EDS
or low magnification 1mage data.

The skilled person will further appreciate that electron
transparent membranes able to sutliciently restrain outward
bulging may be composed of a suitable low atomic weight,
low density material.

Examples of such materials include, but are not limited to,
silicon oxide, silicon mitride and graphene. The skilled
person will further appreciate that whether a particular
clectron transparent membrane 1s able to sutliciently restrain
outward bulging will depend on additional factors, including
the membrane thickness, shape and size. For example, such
a membrane may be composed of SiN having a thickness of
around 30 nm or around 10 to 50 nm. For example, such an
clectron transparent membrane may be of a rectangular or
generally rectangular shape and have a width of no greater
than 90 micrometers, measured along a direction perpen-
dicular to the intersection of the membrane with a plane
perpendicular to the liqud cell device rotation axis. In the
prool of concept Tomochip discussed below, for which
acquisition of high angular range tomographic data used 1n
tomographic reconstruction 1s demonstrated, the SiN elec-
tron transparent membranes have a thickness of around 30
nm and are 25x300 micrometer rectangles. Other electron
transparent membrane shapes and sizes may be used.

In contrast, the 50 nm thick SiN membranes used in
Karakulina et al., Nano Lett. vol. 18, no. 10, pages 6286-
6291 (2018), which are apparently significantly wider at
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their narrowest point than 90 micrometers, when filled with
a liquid medium, bulged outwardly suflicient to double the
gap between membranes. Such severe outward bulging
prevents acquisition of usable high angular range data. See
Karakulina et al., page 6287, RH column to page 6288, LH
column. Further, even 1 usable ligh angular range tomo-
graphic data could be acquired from such a liquid cell
device, the severe outward membrane bulging would eflec-
tively prevent the type of gap selection discussed herein.

Though not shown i FIG. 1, liquid accessible volume
106 may be liquidly connected to at least one sealable
opening at the surface of the main body by at least one
channel that allows the volume to be filled with a liquid
medium contaming a sample, the liquid medium generally
but not necessarily entering by capillary action. For
example, liquid accessible volume 106 may form a part of
a parallel sided straight channel (not shown) extending
between two sealable openings on opposing surfaces of
main body 101. In other embodiments, liquid accessible
volume 106 may be accessed through a movable portion of
main body 101 containing electron transparent membrane
109, allowing liquid to be itroduced and then electron
transparent membrane 109 secured in place over electron
transparent membrane 110. In such an arrangement 1t may be
desirable to include a channel (not shown) to the surface of
main body 101, to relieve internal pressure on electron
transparent membranes 109 and 110 from liquid medium in
liquid accessible volume 106.

Liquid accessible volume 106 contains intersection 107
between the line of sight 105 and substantially perpendicular
rotational axis 108 of the liquid cell device, rotational axis
108 being disposed substantially equidistant from the first
and second electron transparent membranes, 109 and 110.
As shown in FIG. 1, rotational axis 108 may also be
disposed substantially equidistant from first and second
main body surfaces 102 and 103.

With line of sight 105 disposed normal to the surfaces
normal of parallel first and second electron transparent
membranes 109 and 110, as shown i FIG. 1, a parallel
projection along the line of sight defines a projected view-
able area 111, a parallel projection of sealable volume 106,
having the same area as electron transparent membranes 109
and 110 when membranes are aligned normal to and cen-
tered on line of sight 105, as shown 1 FIG. 1. The gap
between membranes 112 will correspond to the path length
through liquid accessible volume 106 of electrons impinging
at normal 1ncidence to electron transparent membranes 109
and 110.

FI1G. 2B shows a Tomochip main body having an aperture
204, corresponding to, for example, aperture 104 in FIG. 1,
clectron transparent membranes 209 and 210 correspond to
clectron transparent membranes 109 and 110 shown 1n FIG.
1, with parallel lines of sight 221, 231, 241 and 251 passing
through the comers of rectangular electron transparent mem-
branes 209 and 210, forming a projected viewable area 211,
corresponding to, for example, projected viewable area 111
shown 1n FIG. 1, having the same area as electron transpar-
ent membranes 209 and 210. As shown 1n FIGS. 2A, rotation
around axis of rotation 208 causes a decrease in projected
viewable area, from 211 to 218, with corners shown pro-
jected along lines of sight 228, 238, 248 and 258, and, as
shown i FIG. 2C, rotation by an equal amount in an
opposite sense, leads to a corresponding decrease 1n pro-
jected viewable area, from 211 to 219, with corners shown
projected along lines of sight 229, 239, 249 and 259. As
shown 1n FIGS. 2A and 2C, the decrease 1s more than mere
geometric projection, once the short sides of electron trans-
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parent membranes 209 and 210, corresponding to the inter-
section with lines of sight 241 and 221 and 251 and 221,

begin to be shadowed by the edges of aperture 204. The
skilled person will appreciate that, as the liquid cell device
1s rotated around rotational axis 208, projected viewable
areas 218 and 219 will decrease continuously, as a matter of
geometry. For example, treating the gap between electron
transparent membranes 209 and 210 as negligible, and
multiplying the area 211 by cos(tilt angle), with a 60 degree
t1lt, projected viewable areas 218 and 219 will be around two
times smaller than projected viewable area 211 and, with a
70 degree tilt, around three times smaller. The skilled person
will further appreciate that, as the tilt angle increases,
independent of such geometrical decrease, the projected
viewable areas 218 and 219 will eventually be completely
obscured by shadows of portions of main body 201
encroaching from the short sides of electron transparent
membranes 109 and 110.

Returning to FIG. 1, first and second electron transparent
membranes 109 and 110, main body first and second sur-
faces 102 and 103 and aperture 104 may be configured, that
1s, sized, shaped and disposed relative to each other, such
that, during rotation of the liquid cell device around the
rotational axis 108 through an angular range of at least 120
degrees, line of sight 105 through a portion of the liquid
accessible volume 106 1s maintained over a projected view-
able area 111 of at least 10 square micrometers. In general,
bearing 1n mind the shadowing eflect noted above in con-
nection with FIG. 2, for a given profile of aperture 106 and
a given separation between first and second main body
surfaces 102 and 103, increasing the length of electron
transparent membranes 109 and 110 will tend to 1increase the
angle of rotation away from normal incidence at which a 10
square micrometer, or a 100 square micrometer, projected
viewable area can be maintained.

Another approach that allows tilting over a high angular
range 1s to decrease the separation between first and second
main body surfaces 102 and 103, to reduce shadowing by the
main body, as noted above in connection with FIG. 2. As a
practical matter, bearing in mind the maximum desirable
width of an electron transparent membrane needed to main-
tain rigidity and mechanical integrity, and the maximum
length available 1n a 3 mm diameter specimen holder typical
in TEM and STEM, the ratio of width to length of an
clectron transparent membrane cannot generally exceed 1 to
100.

An example of a configuration of first and second electron
transparent membranes 109 and 110, main body first and
second surfaces 102 and 103 and aperture 104, in which a
minimum projected viewable area 111 of at least 100 square
micrometers 1s maintained while the liquid cell device 1s
rotated around the rotational axis through an angular range
of at least 140 degrees, 1s described below in connection
with the proot of concept Tomochip. The skilled person will
appreciate that many other configurations are possible,
beyond those discussed in detail below.

As a matter of geometry, the path length of electrons
traversing the liqud accessible volume 106 will increase
continuously, from a minimum of gap 112 between mem-
branes 109 and 110, as the Tomochip 1s rotated away from
normal 1ncidence. The skilled person will appreciate that,
depending on factors that include the type of tomographic
data collected, composition of the liquid medium, compo-
sition and distribution of the sample, and the operating
voltage of the transmission electron beam instrument, the
usable maximum path length will vary. For example, acqui-
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sition of EELS data may require a shorter path length than
acquisition of EDS or low magnification image data.

Depending on the experiment to be conducted, the gap
between membranes, shown in FIG. 1 as 112 with respect to
membranes 109 and 110, may be as small as feasible to
allow entry of a liquid medium carrying a sample less than
100 nm, and as large as can still provide usable data, 200,
500, 1000, 2000, 3000, 4000, 5000 nm or larger.

FIG. 3 shows a stage i an exemplary process of
Tomochip fabrication using the various technologies com-
monly applied in microelectronics or for fabrication of
microelectromechanical systems commonly referred to as
“MEMS”. Free standing membranes 309 and 310 are shown,
together with regions of membrane material 319 and 390
encased by main body portions 321 and 331 and additional
layers of material 327 and 337. One or more channels
liquidly connected to one or more openings in the surface of
the main body are not shown.

In an exemplary process, main body portion 321 1s
typically formed from a portion of silicon water of thickness
slightly less than half of the distance between first and
second main body surfaces 102 and 103 shown 1n FIG. 1. A
continuous layer of membrane material, 309 and 319, may
be deposited onto the front surface of main body portion 321
and an aperture 324 opened from 1ts back surface 322 to
expose an area of Ireestanding membrane 309. Membrane
material regions 319 may then be capped with additional
layers of a material 327, typically comprised of silicon
oxide, which surround space 306 abutting the area of iree-
standing membrane 309. Likewise, main body portion 331 1s
typically formed from a portion of silicon wafer of thickness
slightly less than half of the distance between first and
second main body surfaces 102 and 103 shown 1n FIG. 1. A
continuous layer of membrane material, 310 and 390, may
be deposited onto the front surface of main body portion 331
and an aperture 334 may then be opened from its back
surface 333 to expose an area of freestanding membrane
310. Membrane material regions 390 may then be capped
with additional layers of a material 337, typically comprised
of silicon oxide, which surround space 306 abutting the area
freestanding membrane 310. A Tomochip main body, cor-
responding to, for example, 101 mm FIG. 1, may then be
assembled by joining silicon oxide portions 327 and 337, as
shown by the dotted arrows, and thus also connecting
together main body portions 321 and 331 comprising free-
standing membrane portions 309 and 310, thus forming
from spaces 306 into a liquid accessible volume, corre-
sponding to, for example, 106 shown 1n FIG. 1. The skilled
person will appreciate that main body portions 321 and 331
may be formed from different areas of the same silicon water
and may be processed in parallel.

The skilled person will further appreciate that MEMS
processing may ivolve ultrathin waters, of the order of 100
micrometers 1n thickness, or waters that are reduced to that
thickness during processing. The skilled person will further
appreciate that MEMS processes need not require bonding
of membranes formed on different waters or on different
regions ol the same wafer, such as the bonding process
shown schematically 1n FIG. 3 and discussed above, a single
waler process may be used to produce a liquid cell device
such as those discussed herein, including that shown in
FIGS. 9A and 9B.

An advantage arises from the intrinsic high precision of
MEMS technology that allows for precise relative alignment
of the first and second membranes and thus maximizes the
projected viewable area. A further advantage of MEMS
processing 1s that a Tomochip may be formed having a main

10

15

20

25

30

35

40

45

50

55

60

65

16

body and liqmd accessible volume or volumes having a
variety of shapes, and with more than the single pair of
rectangular electron transparent membranes defining a
single rectangular viewing window, as shown 1n FIGS. 1 and
2.

FIG. 4A shows a Tomochip comprising a square main
body 401 having a rectangular window 402 intersecting an
equal-length orthogonal rectangular window 412, making 1t
suitable for use 1n a so-called tilt-rotation TEM specimen
holder that allows for equal tilting around orthogonal rota-
tional axes, the term window being used to refer to a pair of
clectron transparent membranes aligned to allow an electron
beam to pass through at least a portion of a liquid accessible
volume, corresponding to, for example, electron transparent
membranes 109 and 110 shown 1n FIG. 1. However, the
length of rectangular windows 402 and 412 need not be
equal, making the Tomochip suitable for use in a more
standard-type TEM specimen holder that allows a large tilt
range around one particular rotational axis and a much
smaller tilt range around an orthogonal axis. A Tomochip as
shown 1n FIG. 4A could be rotated across equal tilt ranges
about two orthogonal axis, running parallel to the directions
of windows 402 and 412, and thus be used to obtain
tomographic data around two orthogonal axis of rotation
from the sample 1n a liqmud medium disposed at the inter-
section of windows 402 and 412. Main body 401 1s shown
mounted on a ring-like support 405, which eases handling of
the fragile Tomochip and fits securely 1nto a standard 3 mm
diameter specimen holder of the type used in most TEM and
STEM 1nstruments. Bearing in mind the limits of a 3 mm
diameter specimen holder used in such instruments, the
length of window 402 and 412 may be limited to no more
than about 2 mm. A maximum window length of about 2,000
micrometers would allow for a main body thickness as large
as around 200 micrometers and still accommodate tilting
over a high angular range, above a total of 120, 130 or 140
degrees, while maintaining a projected viewable area of at
least 10 or 100 micrometers squared, with the maximum
accessible tilt range depending to some extent on the precise
aperture profile.

FIG. 4B shows a Tomochip having main body 401,
irregular shaped for reasons explained in connection with
FIG. 5 below, having a rectangular window 402 and three
equal-length orthogonal intersecting windows 412, 422 and
432. Such a configuration allows for orthogonal axis tomog-
raphy on three separate regions of sample m a liqud
medium. Main body 1s again shown mounted on a support
ring 405. Features 471, 472, 473 and 474 may seal openings
(not shown) 1n the surface of main body 401 that are liquidly
connected to liquid accessible volumes of windows 402,
412, 422 and 432. As discussed below 1n connection with
FIG. §, a pair of openings (not shown), each opening sealed
by features 471 and 473, respectively, may be connected by
a single channel of suflicient width to form a single liquid
accessible volume associated with all three windows 412,
422 and 432, and a pair of openings (not shown) sealed by
teatures 472 and 474, respectively, may be connected by a
single channel significantly wider than the width of window
402.

FIG. 5 shows a Tomochip having a main body 3501
comprising three parallel rectangular windows 512, 522 and
532, the term window again being used to refer to a pair of
clectron transparent membranes. Removable filling portions
565 and 5835 house reservoirs 569 and 389, respectively,
suitable for receiving a liquid medium containing a sample.
Reservoirs 5369 and 589, are connected via openings (not
shown) leading to channels through which liquid can flow
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from the reservoirs to windows 512, 522 and 532. When a
liquid medium 1s introduced into one or both reservoirs, the
liquid medium may be drawn by capillary action into the
window regions housing the liquid accessible volumes, as
described 1n detail above, from which tomographic data may
be obtained. FIG. 5B shows the removable filling portions
having been mechanically removed, their narrowing at their
intersection with main body 3501 facilitating such removal.
FIG. 5C shows features 371 and 572 that seal the open ends
of channels exposed when the extension portions were
removed. Though not as shown i FIG. 5, each of three
channels, which may be straight, may be liquidly connected
to an opening blocked by sealing feature 571 and an opening,
blocked by sealing feature 572, giving a total of six open-
ings, one at each end of each channel, each of the three
channels forming, in part, the liquid accessible volume
assoclated with each of the three windows 512, 522 and 532.
As an alternative, as discussed below 1n connection with
embodiments having variable electron transparent mem-
brane gaps, a single opening blocked by sealing feature 571
and a single opening blocked by sealing feature 572, each
opening liquidly connecting to a channel that divides into
three channels that form, 1n part, each of the liquid acces-
sible volumes associated with the three windows 512, 522
and 532. As another alternative, a single channel may extend
between openings at 571 and 572 but be of sutlicient width
to form a single liquid accessible volume associated with all
three windows 512, 522 and 332. The skilled person will
appreciate that other configurations of channels and opening
are possible with three parallel windows, as are embodi-
ments with more than three parallel windows. Though also
not as shown 1n FIG. 5, a Tomochip with only one removable
filling portion may be used, i1 the fillable portion comprised
two reservoirs, each comprising an opening liquidly con-
nected to different ends of each liquid accessible volume, or
even a single reservolr comprising a pair ol openings, each
liquidly connected to diflerent ends of each liquid accessible
volume.

An advantage of using such removable filling portions 1s
that 1t avoids the liquid medium containing a sample from
accidentally flowing from an opening across the main body
and contaminating the electron transparent membrane outer
surfaces with the liquid medium and sample.

FIGS. 9A and 9B show schematic top surface and angled
views ol a multi-window liquid cell device manufactured by
a MEMS process, particularly a single water MEMS pro-
cess. This “top” surface need not be upward facing when
data 1s acquired from the liquid cell device 1n a transmission
electron beam instrument. As discussed above, 1n connection
with FIGS. 1, 2, 4 and 5, main body 901 may be sized to fit
directly 1nto a standard 3 mm diameter specimen holder, of
the type often used in transmission electron beam instru-
ments. Though main body 901 i1s shown as having an
octagonal shape, other shapes, including circular and close
to circular, may be used. Typically, but not necessarily, main
body 901 1s composed of silicon.

Main body 901 comprises an edge portion 912, having a
typically uniform thickness of around 150 micrometers, and
a central portion 922, having a typically uniform thickness,
except as discussed below, and a top surface typically
recessed around 50 to 75 micrometers below the top surface
of edge portion 912. The bottom surface of central portion
922 (not visible) may also be recessed. Central portion 922
includes, on 1ts top surface, tracks 931 and 932, typically but
not necessarilly composed of silicon nitride, each track
containing, within its thickness, two of four parallel elon-

gated windows, 9035 and 909 1n track 931 and 903 and 907
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in track 932. The top surface of tracks 931 and 932 may be
recessed below, raised above or parallel to the surface of
central portion 922. The term window 1s again used to refer
to a pair of at least substantially parallel and planar electron
transparent membranes spanning and sealing an aperture in
the main body, separated by a gap and enclosing at least a
portion of a liquid accessible volume. As discussed above, in
connection with FIG. 1, the apertures between the top and
bottom surfaces of central portion 922 may be formed in
single crystal silicon using anisotropic etching techmiques
and so may have four planar, possibly inclined, walls
extending from each surface.

Central portion 922 and tracks 931 and 932 may, but need
not necessarily, be configured to dispose elongated windows
903, 905, 907 and 909 at the midpoint between the top and
bottom surfaces of edge portion 921. Aside from apertures
extending between the top and bottom surfaces of central
portion 922, each allowing a line of sight through main body
901, corresponding to windows 903, 905, 907 and 909, the
central portion 922 may also be reduced 1n thickness under-
neath or 1n the vicimty of tracks 931 and 932. In any event,
cach of elongated windows 903, 905, 907 and 909 may be
disposed to contain, typically approximately haltway along
cach of their lengths, rotational axis 908. The electron
transparent membranes 1n elongated windows 903, 905, 907
and 909 are typically composed of silicon nitride and around
25 nm or 30 nm 1n thickness, though a membrane thickness
between around 10 to 100 nm 1n thickness may be used. The
gap between electron transparent membranes in elongated
windows 903 and 905 may be typically around 1 microm-
cter, and the gap 1n elongated windows 907 and 909 may be
typically around 0.12 micrometers. As already noted, other
gaps may be employed, the gaps in elongated windows 907
and 909 may be diflerent from each other, and the gaps 1n
clongated windows 903 and 905 may also be diflerent from
cach other.

Within track 931, a first liquid accessible channel or
volume (not visible) extends between sealable openings 943
and 945, including a portion of first liquid accessible volume
within window 905, and a second liquid accessible volume
(also not visible) extends between sealable openings 941 and
947, including a portion of second liquid accessible volume
within window 909. Similarly, within track 932, a third
liquid accessible channel or volume (not visible) extends
between sealable openings 944 and 946, including a portion
of third liquid accessible volume within window 903, and a
fourth liquid accessible volume (also not visible) extends
between sealable openings 942 and 948, including a portion
of fourth liquid accessible volume within window 907.

Though not shown in FIGS. 9A and 9B, raised barrier
portions may be provided to separate the areas of the top
surface of central portion 922 surrounding each pair of
liquid accessible openings, 941 and 943, 945 and 947, 942
and 944, and 946 and 948, from the remaining area of the top
surface of thinner central portion 922 containing elongated
windows 903, 905, 907 and 909, and reference window 999
(discussed below). The raised barrier portions being adapted
to prevent liquid from spilling onto and contaminating the
clectron transparent membranes while the respective liquid
accessible volumes are being filled and before the sealable
opening are sealed. The liquid cell device shown 1 FIGS.
9A and 9B may be adapted to include other configurations
of independently fillable liquid accessible volumes, sealable
openings and windows. Though also not shown 1n FIGS. 9A
and 9B, the sealable openings, and any optional raised
barrier portions, need not be located on the same surface of
thinner central portion 922 on which tracks 931 and 932 are
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visible, but may be located on the opposite surtace. In which
case, the “bottom™ surface of central portion 922, not shown
in FIGS. 9A and 9B, would become the location of the
sealable openings, each connected via a channel through the,
typically silicon, central portion 922 to a corresponding
liquid accessible volume. The skilled person will appreciate
that, independent of their actual location on the surface of
main body 901, each pairs of sealable openings may be sized
to accommodate the itroduction of a single liqud drop.
The first and second liquid accessible channels within
track 931 may be combined to form a single liquid acces-
sible channel that includes windows 905 and 909. Similarly,
the second and third liquid accessible channels within track
931 may be combined to form a single liquid accessible

channel that includes windows 903 and 907. In such cases,
the pairs of sealable openings, 941 and 943, 945 and 947,
942 and 944, and 946 and 948, may each be combined to
form a total of four sealable openings, two sealable openings
in each of tracks 931 and 932, or on the bottom surface of
central portion 922, as discussed above.

Windows 907 and 909 may each be around 10 microm-
cters wide by 2000 micrometers long. The skilled person
will appreciate that, 1n combination with an edge portion 912
thickness of around 150 micrometers and windows located
at least relatively close to the mid-point of the thickness of
the edge portion 912, this results mn a liquid cell device
capable of maintaiming a projected viewable area of at least
10 square micrometers in windows 907 and 909 during
rotation of the liquid cell device away from normal inci-
dence around rotational axis 908 by an angular range of £80°
(160° total). Windows 903 and 9035 may each be 20 microm-
cters wide by 800 micrometers long, which similarly results
in a liquid cell device capable of maintaining a projected
viewable area of at least 10 square micrometers 1n windows
903 and 905 during rotation of the liquid cell device away
from normal incidence around rotational axis 908 by an
angular range of £70° (140° total). A thicker edge portion
912 may be used, but with the eflect of decreasing the
angular range over which the liquid cell device can be
rotated, and a projected viewable area of at least 10 microm-
eters squared maintained, without shadowing by main body
901.

Reference window 999, not associated with a hiquid
accessible volume but optionally itersected by rotational
axis 908, may be included for purposes of calibrating the
transmission electron beam instrument. Reference window
999 need not be rectangular, for example, 1t may be a square
with around 150 micrometer long sides, and one or both
clectron transparent membranes need not be present.

Liquid cell devices as described herein can be used to
perform high angle liquid electron tomography (“HALET™)
using any type of data that can be acquired 1n a transmission
clectron beam nstrument across a high angular tilt range.
The data type may be selected according to the requirements
of a particular experiment, limited only by the data acqui-
sition capabilities and available operating modes of a par-
ticular instrument. For example, tomographic data can
include X-ray EDS data or can be acquired from electrons
transmitted through the sample, such as EELS, diffraction,
including precession electron diflraction, or imaging data,
including holographic data showing electric.

Such high angular range data, generally 1n the form a tilt
series obtained while the liquid cell device 1s tilted about 1ts
rotation axis through a high angular range, generally from
one end of the range to the other, can be used for tomo-
graphic reconstruction. Such tomographic reconstruction
may be done using a range of proprietary/commercial soft-
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ware packages (IMOD, Tomo1, EM3D Amira, Image Pro
Discovery, etc.) to reveal the three-dimensional internal
structure of at least a portion of a sample 1n a liquid medium.
As 1llustrated by the below examples, the internal structure
includes the three-dimensional distribution of sample
objects 1n the liquid medium and the internal structure of
those sample objects. The size range of samples that may be
investigated using a Tomochip can vary from the nanometer
scale up to as large as can be introduced using a liquid
medium and accommodated 1n a given electron transparent
membrane gap.

A surprising advantage of the Tomochip 1s its enablement
of selection of an electron transparent membrane gap to
ensure that a substantial fraction of the sample 1n a liquid
medium remains sufliciently immobile during the data
acquisition over a high angular range to allow rehable
tomographic reconstruction. This capability may be particu-
larly useful for samples that take the form of nm to microm-
eter sized objects, including size ranges that would normally
be expected to exhibit Brownian motion or to move during
high angle tilting, thus impairing the acquisition of high
angle tomographic data. These capabilities are further
described and illustrated below.

A tfurther advantage of the Tomochip 1s that an electron
transparent membrane gap can be selected to allow difirac-
tion investigation of a multiplicity of crystalline samples
having at least a substantially randomly orientation distri-
bution. Such a substantially random orientation distribution
can be beneficial for imnvestigations of organic or inorganic
crystalline samples, whether or not the liquid medium 1s
needed to maintain sample ntegrity, and may be preferable
to sample preparation using a solid support that may inher-
ently give rise to a preferred crystalline orientation or
texture. Such a substantially random orientation distribution,
in combination with high angular range data acquisition, can
be particularly beneficial for investigation of low symmetry
crystals, those for which data acquisition over a large
fraction of reciprocal space, e.g., tilting the sample over a
range of at least 120 degrees, may be required in order to
obtain reliable structure analysis. Using the Tomochip, a
substantially random orientation distribution can be
obtained from any suitably sized crystalline sample that 1s
compatible with a liquid medium. The Tomochip thus has
certain advantages over the recently proposed polymer
embedding technique for orientation randomization of
samples 1nvestigated 1n  electron  diflractometers.
Wennemacher et al., Nature Comm., v. 10, Article number:
3316 (2019).

Multiwindow Tomochips of the type of shown schemati-
cally 1n FIGS. 5A, 3B and 3C, and also FIG. 9, may be
configured to facilitate selection of membrane gaps for
particular samples to ensure substantial immobility or a
substantially random orientation distribution. For example, a
several-window Tomochip could be configured to have a
single opening for introduction of a sample 1n a liquid
medium, the opening liquidly connected to multiple parallel
rectangular windows each with a different membrane gap.
Such a configuration would allow rapid selection of the gap
most appropriate for mvestigation of a particular sample.
Proof of Concept Tomochip and Halet

As a proof of concept, commercial K-Kit cells obtained
from MA-TEK of Tatwan were mechanically modified to
create a Tomochip and to perform HALFET investigations to
samples 1n a liquid medium. Such cells include a pair of S1N
rectangular membranes, each 25x300 micrometers, sepa-
rated by a fixed gap of between 100 and 5000 nm. The pair
of electron transparent membranes are located 1n the center
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ol a silicon body. As noted above, when such a K-Kit 1s tilted
to around £40° 1n a TEM, the silicon body entirely blocks
the transmission of electrons through the liquid medium and
sample located between electron transparent membranes,
such that data cannot be acquired at higher tilt angles.

The skilled person will appreciate that the fragility of the
around 30 nm thick SIN membranes makes any mechanical
modification of a K-Kit silicon body a delicate and dithicult
process. The resulting Tomochip, having an only around 100
micrometer thick silicon body containing a liquid accessible
volume liquidly connected to opemings at the silicon body
surface 1s also mherently fragile.

FIGS. 6A, B, C and C are schematic representations of
stages 1n the modification of a K-Kit to form a Tomochip.
The section 1n each of FIGS. 6A to D runs along the length
of K-Kit cell, with electron transparent membranes 609 and
610, each around 300 micrometers in length. The vertical
gap (not marked) between electron transparent membranes
609 and 610, a fixed distance between 100 and 35000
nanometers, 1s not intended to be to scale.

FIG. 6 A shows a section through a K-Kit silicon body 601

mounted 1n thermal wax 614, or equivalent, and secured to
a surface 616 in preparation for mechanical removal of
silicon material from body 601. The skilled person waill
appreciate that the thermal wax, or equivalent, must be
amenable to removal using a solvent that interacts with
neither silicon, nor silicon oxide, nor silicon nitride. An
example of such a wax 1s Crystalbond™ 509 manufactured
by Aremco Products, which 1s soluble 1n acetone. The
vertical height 640 of the unmodified K-Kit shown 1n FIG.
6A 1s around 800 micrometers.

The skialled person will appreciate that micro-removal can
be done 1 a variety of ways, using a variety of diflerent
precision grinding/polishing systems. FIG. 6B shows the
K-Kit after precision micro-mechanical removal of approxi-
mately 350 micrometers of K-Kit silicon body 601 and
surrounding thermal wax 614, leaving a vertical thickness
620 of around 450 micrometers of K-Kit silicon body 601,
with electron transparent membranes 609 and 610 encased
within thermal wax 614. Exposed silicon surfaces 602 will

form part of the surface of the Tomochip, corresponding to,
for example, surtace 102 shown m FIG. 1.

In between FIG. 6B and FIG. 6C, the partially modified
K-Kit 1s separated from surface 616 and thermal wax 614
removed by dissolution 1n acetone, with optional removal of
any residual silicon fragments adhering to the surfaces of
clectron transparent membranes 609 and 610 using KOH
solution, for example aqueous 30% KOH by weight at room
temperature for 6-9 minutes. The modified K-Kit 1s then
inverted and mounted on surface 616 in thermal wax 613
with electron transparent membrane 609 facing downward.
At this stage 1t may be advantageous to use a surface with
a matching groove in surface 616 (not shown) directly
underneath electron transparent membrane 609, to minimize
stress. FIG. 6D shows the result of precision micro-mechani-
cal removal of another approximately 350 micrometers of
K-Kit silicon body 601 and surrounding thermal wax 614,
leaving a vertical thickness 630 of less than 100 micrometers
of K-Kit silicon body 601. Exposed silicon surfaces 603 will
form part of the surface of the Tomochip, corresponding to,
for example, surface 103 shown 1 FIG. 1. The Tomochip
can then be separated from surface 616 and thermal wax 613
removed by dissolution 1n acetone, with optional removal of
any residual silicon fragments adhering to the surfaces of
clectron transparent membranes 609 and 610 using KOH
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solution. The cleaned Tomochip can then be mounted on a
ring- or aperture-like support of the type shown 1n FIGS. 4
and 5 above.

FIG. 7 shows a series of eight images acquired from a
micellar water 1n a Tomochip prepared as described above
and having a membrane gap of 2000 nm. The images were
obtained 1 a JEOL 1400 plus TEM operating at 100 kV.
FIG. 7A shows a lower magnification view, and FIG. 7B
higher magnification, over a total tilt range of approximately
140°, each image separated by approximately 20° of tilt.
Structural details can be seen to change during rotation, with
the separation of features at the ends of the tilt range that
overlap at the center of the range. The 1mage features also
appear stable over the enfire tilt range. Such 1mages taken
over a 140° tilt range are suitable for high resolution
tomographic reconstruction.

FIG. 8 shows an example of 1image data taken from an
array ol bubbles in liquid water, formed in situ by 1rradiating
the sample with a highly focused electron beam, using a
Tomochip prepared as described above and having a mem-
brane gap of 200 nm. The microscope voltage was 100 kV
and the tilt range 1s again approximately 140°. FIG. 8A
shows the 1mage series I to VIII acquired over the approxi-
mately 140° total tilt range, each image separated by
approximately 20° of tilt. FIG. 8B shows an example of
tomographic reconstruction from the data, with perspective
views ol the imaged bubbles showing structural detail,
including the shape of mdividual bubbles and their distri-
bution within the depth of the Tomochip gap, information
that 1s not accessible 1n a single 1mage projection view.

Although the present imvention has been described 1n
connection with the specified embodiments, 1t should not be
construed as being 1 any way limited to the presented
examples. The scope of the present invention 1s set out by
the accompanying claim set. In the context of the claims, the
terms “comprising’ or “comprises”’ do not exclude other
possible elements or steps. Also, the mentioning of refer-
ences such as “a” or “an”, etc., should not be construed as
excluding the plurality. The use of reference signs in the
claims with respect to elements indicated 1n the figures shall
also not be construed as limiting the scope of the invention.
Furthermore, individual features mentioned in diflerent
claims, may possibly be advantageously combined, and the
mentioning of these features 1in different claims does not
exclude that a combination of features 1s not possible and
advantageous.

The mvention claimed 1s:

1. A method for acquiring high angle tilting tomographic
data 1n a transmission electron beam instrument from a
sample 1n a liquid medium, the method comprising:

introducing the sample 1n a liquud medium 1nto a liquad

accessible volume of a liquid cell device, the liquid cell
device comprising:

a main body comprising opposing first and second main
body surfaces and an aperture affording a line of
sight between the first and second main body sur-
faces and establishing a viewable area parallel pro-
jected along the line of sight through the aperture;

the liquid accessible volume being enclosed by the
main body and at least partially contained within the
aperture, the liquid accessible volume contaiming an
intersection of the line of sight with a substantially
perpendicular rotational axis of the liquid cell
device; and

at least substantially planar and parallel first and second
clectron transparent membranes disposed substan-
tially equidistant from the rotational axis and at least
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substantially overlapping when viewed along their
common surface normal, such that they are separated
from each other by a gap measured along their
common surface normal, each membrane spanning,
and sealing the aperture to enclose at least a portion
of the liquid accessible volume;

wherein the projected viewable area through a portion
of the liquid accessible volume 1s substantially at a
maximum when viewed substantially parallel to the
common surface normal of the first and second
membranes and 1s at least around 10 square microm-
cters when the liquid cell 1s rotated about the rota-
tional axis by up to 60 degrees away from parallel to
the common surface normal;

introducing the liquid cell device into the transmission
electron beam instrument;

exposing the sample 1n the liquid accessible volume to an
incident electron beam generated in the transmission
electron beam 1nstrument, and

acquiring data from the sample while tilting the liquid cell
device about the rotational axis through an angular
range of at least 120 degrees.

2. The method of claim 1,

wherein the projected viewable area through a portion of
the liqud accessible volume 1s at least around 10
square micrometers when the liquid cell 1s rotated
about the rotational axis by up to 70 degrees away from
the common surface normal of the first and second
clectron transparent membranes,

further comprising acquiring data from the sample while
tilting the liquid cell device about 1ts rotational axis
through an angular range of at least 140 degrees.

3. The method of claim 1, wherein the projected viewable
area through a portion of the liquid accessible volume 1s at
least around 100 square micrometers when the liquid cell 1s
rotated about the rotational axis by up to 70 degrees away
from the common surface normal.

4. The method of claim 1, wherein the data comprises
EDS data or data acquired from electrons transmitted
through the sample, including diffraction, imaging or EELS
data.

5. The method of claim 1, wherein tomographic recon-
struction 1s applied to the data to reveal the three-dimen-
sional 1nternal structure of at least a portion of the sample.

6. The method of claim 1, further comprising selecting a
liquid cell device having a gap between the first and second
clectron transparent membranes that ensures that a substan-
tial fraction of the sample remains suiliciently immobile
during the data acquisition to allow reliable tomographic
reconstruction.

7. The method of claim 1, wherein the sample comprises
a multiplicity of crystals and the method further comprising
selecting a liquid cell device having a gap between first and
second electron transparent membranes that ensures that the
multiplicity of crystals have at least a substantially random
orientation distribution.

8. The method of claim 1, wherein the liquid cell device
comprising:

a main body comprising at least substantially planar and
parallel opposing first and second main body surfaces
and an aperture aflording a line of sight between the
first and second main body surfaces and establishing a
viewable area parallel projected along the line of sight
through the aperture;

a liquid accessible volume enclosed by the main body and
at least partially contained within the aperture, the
liquid accessible volume containing an intersection of
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the line of sight with a substantially perpendicular
rotational axis of the liqud cell device;

at least substantially planar and parallel first and second
clectron transparent membranes disposed substantially
equidistant from the rotational axis and at least sub-
stantially overlapping when viewed along their com-
mon surface normal, such that they are separated from
cach other by a gap measured along their common
surface normal, the common surface normal of the first
and second electron transparent membranes being sub-
stantially parallel to that of the first and second main
body surfaces,

cach membrane spanning and sealing the aperture to
enclose at least a portion of the liguid accessible
volume, each membrane having substantially similar
shape and size, a width, measured along a direction
perpendicular to their mtersection with a plane perpen-
dicular to the liquid cell rotation axis and a length,
measured along a direction parallel to their intersection
with a plane perpendicular to the liquid cell rotation
ax1s, wherein the width 1s less than the length, forming
an at least substantially rectangular window;

wherein

the main body 1s formed as a single piece;

the liquid accessible volume 1s accessible through at least
two sealable openings at the outside surface of the main
body;

the width of the at least substantially rectangular window
1S between around 10 and around 90 micrometers;

the length of the at least substantially rectangular window
1s between around 300 and around 2000 micrometers;

the main body opposing first and second surfaces are
separated along their common surface normal by
between around 100 and around 200 micrometers; and

the window gap 1s less than around 5000 nanometers.

9. A liquid cell device for acquiring from a sample 1n a

liquid medium high angular range tilting tomographic data
in a transmission electron beam instrument, the hiquid cell
device comprising:

a main body comprising at least substantially planar and
parallel opposing first and second main body surfaces
and an aperture aflording a line of sight between the
first and second main body surfaces and establishing a
viewable area parallel projected along the line of sight
through the aperture;

a liquid accessible volume enclosed by the main body and
at least partially contained within the aperture, the
liquid accessible volume containing an intersection of
the line of sight with a substantially perpendicular
rotational axis of the liqud cell device;

at least substantially planar and parallel first and second
clectron transparent membranes disposed substantially
equidistant from the rotational axis and at least sub-
stantially overlapping when viewed along their com-
mon surface normal, such that they are separated from
cach other by a gap measured along their common
surface normal, the common surface normal of the first
and second electron transparent membranes being sub-
stantially parallel to that of the first and second main
body surfaces,

cach membrane spanning and sealing the aperture to
enclose at least a portion of the liqmd accessible
volume, each membrane having substantially similar
shape and size, a width, measured along a direction
perpendicular to their intersection with a plane perpen-
dicular to the liquid cell rotation axis and a length,
measured along a direction parallel to their intersection
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with a plane perpendicular to the liquid cell rotation

ax1is, wherein the width 1s less than the length, forming

an at least substantially rectangular window;

wherein

the main body 1s formed as a single piece;

the liquid accessible volume 1s accessible through at least
two sealable openings at the outside surtace of the main
body;

the width of the at least substantially rectangular window

1s between around 10 and around 90 micrometers:
the length of the at least substantially rectangular window
1s between around 300 and around 2000 micrometers;
the main body opposing first and second surfaces are
separated along their common surface normal by
between around 100 and around 200 micrometers; and
the window gap 1s less than around 35000 nanometers.

10. The liqud cell device of claim 9, wherein the pro-
jected viewable area through a portion of the liquid acces-
sible volume 1s at least around 100 square micrometers when
the liquid cell 1s rotated about the rotational axis by up to 70
degrees away from the common surface normal.

11. The liqud cell device of claim 9, wherein the rota-
tional axis of the liquid cell device 1s substantially equidis-
tant from the first and second main body surfaces.

12. The liquid cell device of claim 11, wherein the
aperture at the first and second main body surfaces has a
symmetric profile comprising equally-sized, equally-angled,
inwardly-sloping planar walls.

13. The liquid cell device of claim 9, further comprising
a second substantially rectangular window disposed
orthogonal to and intersecting the first window.

14. The liqud cell device of claim 9, further comprising
a second substantially rectangular window disposed parallel
and adjacent to the first elongated window.

15. The liqud cell device of claim 9, further comprising
a reference window.

16. The liquid cell device of claim 9, wherein the main
body comprising at least substantially planar and parallel
opposing first and second main body surfaces 1s comprised
of silicon.

17. A method for acquiring high angle tilting tomographic
data 1n a transmission electron beam instrument from a
sample 1 a liguid medium, the method comprising:

10

15

20

25

30

35

40

26

introducing the sample 1n a liquid medium into a liquad

accessible volume of a liquid cell device, the liquid cell

device comprising:

a main body comprising opposing first and second main
body surfaces and an aperture aflording a line of
sight between the first and second main body sur-
faces and establishing a viewable area parallel pro-
jected along the line of sight through the aperture;

the liquid accessible volume being enclosed by the
main body and at least partially contained within the
aperture, the liqud accessible volume contaiming an
intersection of the line of sight with a substantially
perpendicular rotational axis of the liqud cell
device; and

at least substantially planar and parallel first and second
clectron transparent membranes disposed substan-
tially equidistant from the rotational axis and at least
substantially overlapping when viewed along their
common surface normal, such that they are separated
from each other by a gap measured along their
common surface normal, each membrane spanning
and sealing the aperture to enclose at least a portion
of the liquid accessible volume;

introducing the liquid cell device into the transmission

electron beam 1nstrument;

exposing the sample in the liquid accessible volume to an

incident electron beam generated in the transmission

electron beam 1nstrument, and

acquiring data from the sample while tilting the liquid cell

device about the rotational axis through an angular

range of at least 120 degrees.

18. The method of claim 17, further comprising acquiring
data from the sample while tilting the liquid cell device
about 1ts rotational axis through an angular range of at least
140 degrees.

19. The method of claim 17, wherein the data comprises
EDS data or data acquired from electrons transmitted
through the sample, including difiraction, imaging or EELS
data.

20. The method of claim 17, wherein tomographic recon-
struction 1s applied to the data to reveal the three-dimen-
sional internal structure of at least a portion of the sample.
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